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PRL	5:	 Extensive	valida%on	performed	against	
observa1onal	data,	uncertainty	quan%fied	

inorganic	
gas	

chemistry	

PRL	4:	 Process	implemented	in	a	regional	or	global	
model;	Process-level	verifica1on	

PRL	3:	 Quan%ta%ve	process	model:	Set	of	ODEs	with	
known	rate	func1ons	

PRL	2:	
Qualita%ve	descrip%on	of	process:	When	and	

where	does	it	occur?	What	are	the	reactants	and	
the	products?	

PRL	1:	 Phenomenon	observed	in	the	field	

Process	
Readiness	Level	

Example	of	a	
process	at	a	
certain	PRL	

Requirements	for	a	process	to	be	
at	a	certain	PRL	

SOA	
forma1on	

Ice	
nuclea1on	

CCN	
ac1va1on	

BC	aging	



Model-measurement challenges

1. What is the aerosol state?
2. How does it evolve?
3. How is it mapped to measurements?
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Experimental setup

Dilution rate is about 2.6 L/min.

Barrel
https://www.grainger.com/product/SKOLNIK‐Stainless‐Steel‐
Closed‐Head‐Drum‐4GY37?Pid=search

•Item # 4GY37 
•Mfr. Model # ST5503 
•UNSPSC # 24112108 
•Catalog Page # 1420 
•Shipping Weight 54.0 lbs. 



How does PartMC work?
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1. What is the aerosol state?

• Per-particle vectors
– particle = [mBC, mSO4, mH20, …, Dcore, df, …]
• Mass of each species

• But what is a “species”? Organics?

• Also morphology (core diameter, inclusions, fractal dim, 
charge, …)

• Even for non-particle-resolved models
– Even when a model can’t resolve some details, 

measurements of these are still important

– Important for later re-modeling or re-processing
6
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Time series of measured total number concentration on 8/28



All the specifications that are needed for the model
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Quantity Variable name Value Source

Barrel height hB 0.8954 m Aerodyne

Barrel inner diameter DB 0.5715 m Aerodyne

Barrel sedimentation area AS 0.2565 m
2

calculated

Barrel wall area AD 2.1206 m
2

calculated

Barrel volume VB 0.2297 m
3

calculated

Filling inflow for AS particles RAS 3 `min
�1

Aerodyne

Filling inflow for RB particles RRB 3 `min
�1

Aerodyne

Dilution outflow during Period 1 Rdil1 6 `min
�1 RAS +RRB

Dilution outflow during Period 2 Rdil2 2.5 `min
�1

Aerodyne

Relative humidity RH 10% Aerodyne

Temperature T 293 K Aerodyne

Pressure p 10
5
Pa Aerodyne

Fractal dimension df 2.3 Tian et al. [3]

Wall loss parameter kD 0.06 m Tian et al. [3]

Wall loss parameter a 0.25 Theoretical,

Bunz and Dlugi

[1], Fuchs [2]

Radius of primary particles R0 10 nm assumed

Volume filling factor f 1.43 Tian et al. [3]

Total number conc. Ntot dynamic

Number conc. of AS particles NAS 11,075 cm
�1

Eq. (1)

Number conc. of RB particles NRB 2,312 cm
�1

Eq. (1)

Filling rate for AS particles �AS 2.177⇥ 10
�4

s
�1

Eqn. (2)

Filling rate for RB particles �RB 2.177⇥ 10
�4

s
�1

Eqn. (2)

Dilution rate during Period 1 �dil1 4.354⇥ 10
�4

s
�1

Eqn. (2)

Dilution rate during Period 2 �dil2 1.814⇥ 10
�4

s
�1

Eqn. (2)

Wall loss Lwall dynamic Eqn. (4) in Tian

et al. [3]

Coagulation loss Lcoag dynamic Eqn. (1) Tian

et al. [3]

NAS =

Z 1

�1
nAS(Dm)d logDm = 11, 075 cm�3

NRB =

Z 1

�1
nRB(Dm)d logDm = 2, 312 cm�3

(1)

The distributions nAS and nRB are measured (see slide 2).

Relationship of inflow/outflow and filling/dilution rates:

�k =
Rk

VB
, (2)

where k is AS, RB, dil1, dil2.

1

Fitted or 
guessed

Uncertain



2. How does the state evolve?

• Well-characterized inputs
– Having to fit parameters is possible but painful

• All parameters along the way measured
– Gas, environment, walls, fluxes
– Unmeasured time-varying parameters are a 

nightmare (e.g., variable dilution rates)
• State measured periodically
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Comparison of size 
distributions

PartMC underpredicts
the right side of the 
distribution somewhat, 
but overall this is not 
bad.
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BC mixing state evolution

The box indicates the 
range that the SP2 sees in 
the scattering channel 
(200 – 450 nm)
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result in efficient energy transfer from the ‘hot’ core to the coating whereas the coagulated particle 
will exhibit significantly less thermal contact, and be very dependent on contact angle, resulting in 
less efficient non-refractory sublimation.]  Under this assumption, the onset of particle light 
scattering will occur before or with incandescence, depending on the amount of non-refractory 
material (e.g., coating thickness for a core-shell configuration or contact angle with and size of the 
coagulated non-refractory particle).  Within the parlance of a core-shell configuration, the thicker 
the coating, the longer it takes to burn off, the longer the incandescence signal lags the scattering 
signal.  This time difference is referred to as lagtime and has served in the past as a proxy for non-
refractory material coating thickness – (Moteki and Kondo 2007; Subramanian et al., 2010; 
Sedlacek et al., 2012).  In the case of coagulated particles, it is argued that this same analysis 
methodology can be used to estimate the fraction of coagulated rBC particles (e.g., those RB 
particles in thermal contact with AS).   Using this methodology, rBC-containing particles are binned 
as either coagulated or uncoagulated (aged or fresh) depending on their measured lagtime.  For this 
analysis, lagtimes falling within the following defined range of [-0.5 µsec < lagtimes < 1.5 µsec] are 
cataloged as uncoagulated and while lagtimes outside these bounds are classified as coagulated.   
 
Using the lagtime criteria outlined above, the ratio of coagulated/uncoagulated particles (red 
symbols) and the fraction of coagulated rBC particles, φcoagulated (green symbols), were calculated 
and are shown in Figure 1.  As can be readily seen, after nearly 4 hrs of mixing, only about 25% of 
the rBC particles have coagulated with ammonium sulfate.  It is to be remembered that only those 
particles capable of generating a detectable scattering signal are represented in this analysis.  Also 
plotted on this graph is the rBC size mode (blue symbols) where ~40% increase in the rBC size 
mode is observed indicating the presence of rBC-rBC coagulation.  In all data streams, a steady 
increase with time is observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The ratio of coagulated/uncoagulated particles (red), fraction of RB-AS coagulated particles 
(green), and RB size mode (blue) as a function of mixing time. 
 
Ratio of non-refractory Particulate Material to refractory Black Carbon (nrPM:rBC) 
For this analysis, instead of the incandescence lagtime to probe the rBC-containing particle mixing 
state, the scattering amplitude is used to estimate the coagulated particle diameter – similar to how 
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NBC,SI+Nmix,SI
Fraction of mixed particles in the size range
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The green dashed line is supposed to be comparable with the green dots.
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• Updated analysis: uncoagulated lag times -0.4 µs to +0.4 µs
• Original analysis: uncoagulated lag times -0.4 µs to +1.6 µs

• More data in the SP2 signal (bimodal scattering peaks) could 
better resolve this
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3. How does aerosol state map to 
measurements?

• Inverse: measurement ⟹ state
– Needed for initial condition
– Key question: Can we recover a list of particle 

vectors from the measurements?
• Forward: state ⟹ measurement 14

Model aerosol
Li#et#al.,#Atmospheric#Environment,#45,#248892495,#2011#

Real aerosol
101 102 103

mobility diameter Dm/ nm

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

nu
m

b
er

co
n
c.

dN
/d

lo
g 1

0
D

/
cm

�
3

AS emissions

RB emissions

Instrum
ent

Forward

Inverse

This is what we have to work with



150 50 100 150 200 250 300

time / min

0

1

2

3

4

5

6

to
ta

l
nu

m
b
er

co
n
c.

N
to

t/
m

�
3

⇥1011

PartMC

measured

101 102 103

mobility diameter Dm/ nm

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

nu
m

b
er

co
n
c.

dN
/d

lo
g 1

0
D

/
cm

�
3

AS emissions

RB emissions

Fo
rw

ar
d

Inverse

0 50 100 150 200 250

time / min

0.0

0.2

0.4

0.6

0.8

1.0

ra
ti
o

�mix

�mix,SI

result in efficient energy transfer from the ‘hot’ core to the coating whereas the coagulated particle 
will exhibit significantly less thermal contact, and be very dependent on contact angle, resulting in 
less efficient non-refractory sublimation.]  Under this assumption, the onset of particle light 
scattering will occur before or with incandescence, depending on the amount of non-refractory 
material (e.g., coating thickness for a core-shell configuration or contact angle with and size of the 
coagulated non-refractory particle).  Within the parlance of a core-shell configuration, the thicker 
the coating, the longer it takes to burn off, the longer the incandescence signal lags the scattering 
signal.  This time difference is referred to as lagtime and has served in the past as a proxy for non-
refractory material coating thickness – (Moteki and Kondo 2007; Subramanian et al., 2010; 
Sedlacek et al., 2012).  In the case of coagulated particles, it is argued that this same analysis 
methodology can be used to estimate the fraction of coagulated rBC particles (e.g., those RB 
particles in thermal contact with AS).   Using this methodology, rBC-containing particles are binned 
as either coagulated or uncoagulated (aged or fresh) depending on their measured lagtime.  For this 
analysis, lagtimes falling within the following defined range of [-0.5 µsec < lagtimes < 1.5 µsec] are 
cataloged as uncoagulated and while lagtimes outside these bounds are classified as coagulated.   
 
Using the lagtime criteria outlined above, the ratio of coagulated/uncoagulated particles (red 
symbols) and the fraction of coagulated rBC particles, φcoagulated (green symbols), were calculated 
and are shown in Figure 1.  As can be readily seen, after nearly 4 hrs of mixing, only about 25% of 
the rBC particles have coagulated with ammonium sulfate.  It is to be remembered that only those 
particles capable of generating a detectable scattering signal are represented in this analysis.  Also 
plotted on this graph is the rBC size mode (blue symbols) where ~40% increase in the rBC size 
mode is observed indicating the presence of rBC-rBC coagulation.  In all data streams, a steady 
increase with time is observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The ratio of coagulated/uncoagulated particles (red), fraction of RB-AS coagulated particles 
(green), and RB size mode (blue) as a function of mixing time. 
 
Ratio of non-refractory Particulate Material to refractory Black Carbon (nrPM:rBC) 
For this analysis, instead of the incandescence lagtime to probe the rBC-containing particle mixing 
state, the scattering amplitude is used to estimate the coagulated particle diameter – similar to how 
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Why aerosol standards?

• Solve the mapping problems
– Inverse: we measured y, what is really there?
– Forward: we have x, what should we measure?

• Well understood mappings:
– Mobility diameter ⟺ mass-equiv diameter

• Poorly understood mappings:
– SP2 lag times
– Single particle mass specs (“qualitative”)

16



Mapping to aerosol state

• How do we reconcile different instruments?

– Important to get complete state

– Given SP2, AMS, SPLAT in CARES — how do we 

initialize a model? What are the particles?

• We want full state: per-particle mass fractions

– With error bars!

17



Mixing State FG: Connections
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 Theory/ 
Metrics PRM SP2 Micros-

copy 

SP mass 
spectro-
metry 

Bulk 
measure- 

ments 

Remote 
sensing 

RM/ 
GCM 

Theory/ 
Metrics  high medium medium low low low low 

PRM high  medium medium medium high low low 

SP2 medium medium  medium medium high low low 

Micros-
copy medium medium medium  medium medium low low 

SP mass 
spetro-
metry 

low medium medium medium  medium low low 

Bulk 
measure-

ments 
low high high medium medium  high medium 

Remote 
sensing low low low low low high  high 

RM/ 
GCM low low low low low medium high  

	
Table 1:  Assessment of current abilities to connect data and outputs amongst different tools. The 
lack of comparable mixing state outputs between many tools has been a key bottleneck in our ability 
to understand mixing state impacts. Connections that were originally labeled as “red/low”, but have 
seen improvement since the focus group was created, are marked with red boundaries.  Remote 
sensing observations and GCMs are still poorly connected to the particle-level techniques, as shown 
by the heavy black borders. See Section 4.1 for current efforts to overcome this. 
 
Explanation of the column and row headers: 
1Theoretical framework and metrics to quantify mixing state.  
2Output from particle-resolved models 
3Data from single particle soot photometer 
4Data from microscopy methods including electron and X-ray microscopy 
5Data from single-particle mass spetrometers including SPLAT, ATOFMS, PALMS 
6Data from in situ measurements that give information on aerosol bulk properties (as opposed to single-particle 
instruments), e.g. bulk aerosol composition, bulk optical properties, etc. 
7Data from remote sensing instruments such as aerosol optical depth, backscatter, extinction 
8Output from regional models and global climate models 
 
	


